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ABSTRACT

The interferon gamma-inducible protein 16 (IFI16)
and its murine homologous protein p204 function in
non-sequence specific dsDNA sensing; however, the
exact dsDNA recognition mechanisms of IFI16/p204,
which harbour two HIN domains, remain unclear. In
the present study, we determined crystal structures
of p204 HINa and HINb domains, which are highly
similar to those of other PYHIN family proteins. More-
over, we obtained the crystal structure of p204 HINab
domain in complex with dsDNA and provided in-
sights into the dsDNA binding mode. p204 HINab
binds dsDNA mainly through «2 helix of HINa and
HINb, and the linker between them, revealing a simi-
lar HIN:DNA binding mode. Both HINa and HINb are
vital for HINab recognition of dsDNA, as confirmed
by fluorescence polarization assays. Furthermore, a
HINa dimerization interface was observed in struc-
tures of p204 HINa and HINab:dsDNA complex, which
is involved in binding dsDNA. The linker between
HINa and HIND reveals dynamic flexibility in solution
and changes its direction at ~90° angle in compari-
son with crystal structure of HINab:dsDNA complex.
These structural information provide insights into the
mechanism of DNA recognition by different HIN do-
mains, and shed light on the unique roles of two HIN
domains in activating the IFI16/p204 signaling path-
way.

INTRODUCTION

A number of innate immune receptors are involved in
pathogen detection and host immune defense. Nucleic
acids, both DNA and RNA, exhibit important pathogen-
associated molecular patterns (1). Several families of intra-
cellular nucleic acid receptors have been studied, including
RIG-I-like receptors, cGAS, and the PYHIN family recep-
tors (2-4). While the RIG-I family receptors primarily re-
spond to dsRNA molecules (5), the cGAS and PYHIN fam-
ily function as dsDNA receptors. The PYHIN family pro-
teins, also known as hematopoietic interferon-inducible nu-
clear (HIN)-200 family, are a group of interferon-inducible
genes. The human genome comprises four PYHIN fam-
ily genes including AIM2, IF116, PYHINI and MNDA.
p202a, p202b, p203, p204, p205, p206 and AIM?2 are PY-
HIN family members in murine. Except murine p202, hu-
man and murine PYHIN family members possess an N-
terminal PYD domain and one or two C-terminal HIN (or
HIN200) domains.

Early studies illustrated that PYHIN family genes are tu-
mor inhibitory genes, while their mechanism of action re-
mains poorly defined and is presumably related to its DNA
binding activities. Several PYHIN family members can in-
teract with nuclear proteins, and this action reveals their
function in cell proliferation retardation. p204 can directly
interact with UBF1, which is a ribosomal RNA-specific
transcription factor that inhibits ribosomal RNA transcrip-
tion (6). A recent study reported that another closely re-
lated murine PYHIN family member, p205, controls the ex-
pression of apoptosis-associated speck-like molecule con-
taining CARD domain (ASC) mRNA to regulate inflam-
masome responses (7). Members of the PYHIN family
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are gaining immense attention due to the recent discov-
ery of cytosolic DNA receptors and the initiation of in-
nate immune responses related to infectious and autoim-
mune diseases. Among these, AIM2 is the most widely stud-
ied member of the PYHIN family (8,9). AIM2 forms an
inflammasome in response to bacterial infection (10-12),
viral infection (13) and cellular damage (14), and leads to
downstream caspase-1 activation and IL-13 maturation.
Although several studies have reported that IFI16 can also
form inflammasomes with ASC, its role is better estab-
lished in type I IFN pathways. IFI16 or its mouse ho-
molog p204 is implicated in sensing double-stranded DNA
(dsDNA) in the cytosol during DNA viral infection, and
stimulates both type I IFN and proinflammatory responses
(15,16). Moreover, IF116 plays a crucial role in nuclear vi-
ral DNA sensing (15,17,18). IF116 acts as a major sensor
for lentivirus DNA in macrophages stimulating innate im-
mune responses, which contributes to the early control of
HIV viral replication (19). Mechanistically, IFI16 prefer-
entially binds to stem-rich secondary structures in the ss-
DNA of HIV (19). In addition, IFI16 was reported to be
required in the cGAS-STING DNA sensing pathway in
macrophages during microbial infection (20,21). Further-
more, Igbal et al. identified a nuclear protein histone H2B
that interacts with IFI16. The H2B-IFI16-BRCA1 com-
plex interacted with ¢cGAS and STING in the cytoplasm.
This complex leads to the phosphorylation of TBK1 and
IRF3, nuclear translocation of pIRF3, and production of
IFN-B. Eventually, such nuclear complexes mediate Ka-
posi’s sarcoma-associated herpes virus (KSHV) and herpes
simplex virus type-1 (HSV-1) genome recognition responses
during viral infection (22). Recent studies have revealed that
p204 is involved in the natural immune response. Unter-
holzner et al. demonstrated that p204 responds to DNA
viruses by RNA interference (16). Later, Gray et al. ob-
served that the PYHIN family was not necessary for the
response to foreign DNA in mice depleted for the locus con-
taining the PYHIN-encoding gene (23). Recently, Yi et al.
reported that p204 is required for extracellular LPS/TLR4
during pathogen infection in macrophage-mediated innate
immunity, and the PYD of p204 directly interacts with
TLR4 to promote the dimerization of TLR4 (24). Chen
et al. also demonstrated that p204 acts as a DNA sensor and
is required for host defense against Staphylococcus aureus
infection in p204-deficient mice (25). The aforementioned
studies established a clear role of IF116/p204 in innate im-
munity in response to various viral infections. Additionally,
new evidence is accumulating regarding other functions of
IF116/p204, including cancer, regulation of EPC cell differ-
entiation (26), and autoinflammatory diseases (27).

Recent structural characterization of PYHIN family pro-
teins, particularly HIN:DNA interactions, has made sig-
nificant progress in understanding its molecular recogni-
tion mechanism (Table 1). HIN domains can be further di-
vided into three subtypes based on their sequence consen-
sus. AIM2 HIN belongs to class C, whereas the first HIN
domains of TFI16, p202 and p204 belong to class A, and
their second HIN domains belong to class B (28). A canon-
ical DNA-binding mode is observed in some HIN:DNA
complex structures. These structures include both the hu-
man AIM2 HIN domain (PDB: 3RN2 and 3RNS5) (29),

murine AIM2 HIN domain (PDB: 4JBM) (30), and IF116-
HINb HIN domain (PDB: 3RNU) (29). In our previous
study on DNA recognition by HIN domains, we identified a
conserved DNA-binding mode for both human AIM2 HIN
and IFI16 HIND, in which the concave surface formed by
two OB folds of a HIN domain interacts with the phosphate
backbone of dsDNA. The interaction between the HIN do-
main and DNA is sequence-independent and no base recog-
nition is involved. Mechanistically, the positively charged
residues (i.e. arginines and lysines) on the HIN surface in-
teract with the negatively charged phosphate backbones of
dsDNA. The electrostatic nature of such interactions is sup-
ported by high sensitivity to salt concentration in the solu-
tion (29). For the AIM2 inflammasome, structural studies
have clarified the assembly mechanism around dsDNA and
the activation of ASC inflammasome (31), whereas the sig-
nal mechanism of IFI116 remains elusive. The p202 protein
is indeed a special member of the PYHIN family. Function-
ally, it is a negative regulator of p53-mediated apoptosis and
AIM2 inflammasome activation (32,33). The latter function
is attributed to its high affinity for binding to dsDNA (34).
Structurally, its HINa domain binds to dsDNA in a non-
canonical manner, as revealed from dsDNA complex struc-
tures by several groups (30,34,35). In this mode, a high pos-
itively charged surface at the back of the canonical DNA-
binding linker region interacts with the phosphate back-
bone of ~12 bp dsDNA; however, p202 HIND is a tetramer
that lacks DNA-binding ability (35). Furthermore, IFI16
HINa:ssDNA interaction uses a different interface and the
ssDNA ligand forms an imperfectly paired dSDNA in the
crystal (PDB: 4QGU) (36).

The domain organization of IFI16 is unique, as it is
the only human PYHIN that has tandem HIN domains.
Previously, we demonstrated that for individual HIN do-
mains, AIM2 has a higher affinity for dsDNA than that of
IFI16 HINb, whereas IFI16 HINa has the lowest affinity
among the three HIN domains (16,29). Since both HIN
domains of IFI16 bind to DNA, there could be several
ways for HINab to bind dsDNA. Two linked HIN domains
can potentially bind to two different DNA molecules, or
only HIND binds to dsDNA, while HINa hangs out. The
binding mode of the IFI16 HINab domain toward dsDNA
remains unclear. A recent native stained electron micro-
graphic study of IF116:dsDNA complexes revealed that af-
ter binding dsDNA, IFI16 forms filaments on straight ds-
DNA with a width of 20-25 nm. It was further confirmed
that both HIN domains bind to the same piece of dsDNA
and do not open, bend, and crosslink dsDNA (37). Song
et al. designed a series of linkers with different lengths
and sequences between the IFI16 HINa and HINb do-
mains, and then co-crystallized them with dsDNA; how-
ever, due to weak diffraction, the complex structure of IF116
HINab:dsDNA was not obtained (38). Nevertheless, no de-
tailed information is available on the binding of HINab to
dsDNA during innate immune recognition.

To investigate the mechanism of HINab binding dsDNA,
it is essential to solve the structure of HINab in com-
plex with dsDNA. In the present study, fluorescence po-
larization assays were performed and the results indicated
that the DNA-binding affinity of p204 HINab was higher
than that of HINa and HIND, suggesting that HINa and
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Table 1. Summary of published HIN domain structures of PYHIN family proteins

Positions of Positions of Positions of

Protein Class A HIN Class B HIN Class C HIN dsDNA Resolution (A) PDB entry Reference
hAIM2 144-343 20 mer 2.55 3RN2%* (29)
hAIM2 144-343 19 mer 2.50 3RNS (29)
mAIM2 158-349 13 mer 2.22 4JBM* (30)
IF116 192-393 2.00 20Q0* (55)
IFI16 192-393 12 mer 2.54 4QGU* (36)
IF116 571-766 2.35 3B6Y* (55)
IF116 571-766 1.80 3RLO 29)
IFI16 571-766 2.25 3RLN (29)
IF116 571-766 16 mer 2.50 3RNU* (29)
p202 46-242 2.69 4JBJ* (30)
p202 46-243 2.23 4L.5Q (35)
p202 46-242 14 mer 2.96 4JBK (30)
p202 46-243 20 mer 1.87 4L5R* (35)
p202 46-243 12 mer 2.94 4L5S (35)
p202 53-245 20 mer 2.00 4LNQ (34)
p202 244-445 3.40 4L5T* (35)
p204 211415 1.94 60E9 (56)

hAIM2: human AIM2.
mAIM2: mouse AIM2.
*Used to compare with p204 HIN structures.

HIND synergistically bind to dsSDNA. Thereafter, we deter-
mined the crystal structures of p204 HINa and HINb with
a highly similar conformation. The crystal structure of p204
HINab in complex with dsDNA was also determined, pro-
viding the first insight into the dsDNA-binding mode of
tandem HIN domains. In the structure of p204 HINa and
HINab:dsDNA complex, the HINa dimerization interface
was observed and was also involved in binding to dsDNA.
Thus, a structural view of tandem HIN domains of p204
binding to dsDNA not only fills the gap in understanding
dsDNA recognition by this receptor, but also sheds light on
the unique roles of the two HIN domains in activating the
IF116/p204 signaling pathway.

MATERIALS AND METHODS
Protein expression and purification

The coding region of the p204 gene (NM_008329.2) was am-
plified from the mice liver cDNA library (invitrogen). The
HINa (residues 216-417), HIND (residues 427-619), and
HINab (residues 216-619) domains of p204 were cloned
into the pET30a vector with a TEV-cleavable N-terminal
protein G B1 domain (GBI1) tag or MBP tag (HINa with
GBI tag, HINb and HINab with MBP tag). The expres-
sion and purification of the three recombinant proteins were
similar to those previously described (39). Briefly, trans-
formed BL21 CodonPlus (DE3)-RIPL cells (Stratagene,
Santa Clara, CA) were grown at 37°C and then induced
with IPTG (0.2 mM) at 16°C for 4 h. Cells were lysed by
sonication in buffer A (1 M NaCl, 20 mM Tris—HCI pH
8.0), 5 mM imidazole, DNase (Biomatik, Wilmington, DE,
USA), and protease inhibitors (Roche Applied Science, In-
dianapolis, IN, USA). Next, the soluble protein was puri-
fied using a Hisprep IMAC column (GE Healthcare Bio-
Sciences, Piscataway, NJ), and nonspecific nucleic acid con-
taminants were removed by 3 M ammonium sulfate precip-
itation. Thereafter, the protein pellet was redissolved and
cleaved by the TEV protease. The protein samples were

further purified using a second IMAC column and size-
exclusion chromatography. Expression and purification of
all mutant proteins followed a protocol similar to that used
for wild-type proteins.

Crystallization, X-ray diffraction, and structure refinement

Purified p204 HINa and HINb proteins were concen-
trated to 20-50 mg/ml. The crystallization conditions were
screened by the hanging-drop vapor-diffusion method with
a liquid-handling robot. HINa was crystallized under the
following conditions: 23% PEG4000, 0.2 M ammonium ac-
etate, 100 mM sodium acetate pH 5.0, and an additional
20% ethylene glycol was used as a cryoprotectant solution.
HIND was crystallized in 20% PEG300, 100 mM Bicine pH
8.5, and an additional 20% ethylene glycol was used as a
cryoprotectant solution. X-ray diffraction data were col-
lected at beamlines X12C, X29A and X25 of the National
Light Source at the Brookhaven National Laboratory, and
beamline SER-CAT 22ID and GM-CA 231D of Advanced
Photon Source (APS) at the Argonne National Labora-
tory. Data were processed using HKL-2000 (40) and XDS
(41). The sequence identity was ~56% between p204 HINa
and IFI16 HINa, and 53% between p204 HIND and IF116
HIND. All structures were solved by molecular replacement
with Phaser (42) in the CCP4i GUI (43). IF116 HINa (PDB:
20Q0) and HINbD (PDB: 3B6Y) were used as molecular re-
placement models in the initial search. The structure model
was completed by manual building in Coot (44). Struc-
ture refinement was carried out using REFMACS (45) and
PHENIX refine (46). Structural figures were prepared using
PyMol.

Crystallization and structural determination of p204
HINab:dsDNA complex

To obtain complex crystals of p204 HINab with dsDNA lig-
ands, several different DNA lengths, blunt-ended or sticky-
ended dsDNA were tested. These dSDNAs were added to
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the purified HINab protein sample at a molar ratio of 1.2:1
and were further concentrated to 20 mg/ml for crystalliza-
tion screening. A 16 mer blunt-ended dsDNA with the se-
quence of 5'-ccatcagaaagagagc-3’ grew best crystals under
the conditions of 4% PEG®8000, 100 mM KCI, and 100 mM
MES pH 6.5. An additional 15% ethylene glycol and 10%
glycerol were used in the cryoprotectant solution. The crys-
tals of HINab:dsDNA diffracted initially at ~7 A resolu-
tion, owing to the large unit cell dimensions (the length
of c-axis = 784 A, Table 2), which imposed a challenge
to obtain higher resolution data. Thereafter, the crystals
were dehydrated by briefly soaking in higher concentration
of PEG8000 and the resolution was gradually improved to
4.5-5.0 A. Data were processed using XDS (41). Correc-
tion for radiation damage was performed as previously de-
scribed (47). The initial Wilson plot from the data shows
a B-factor of up to 320 A2. A correction of the B-factor
and anisotropic B-factor (using PHENIX (46) Reflection
File Editor) was applied to the data to reduce the Wilson
B-factor to 120 A”. Data quality and statistics are listed
in Table 2. Molecular replacement was carried out with
Phaser (42) using p204 HINa (PDB: 5YZP), HINDb (PDB:
5YZW) and 16 mer dsDNA as search models. Structure
refinement was performed with PHENIX (46,48,49), in-
terspersed with manual rounds of model building in Coot
(44). Initially, rigid body refinement was performed for in-
dividual HIN domains and two individual dsDNA frag-
ments. Next, we applied the NCS and a secondary struc-
ture restraint for the individual coordinates and group B-
factor refinements. The two high-resolution structures of
p204 HINa (PDB: 5YZP) and p204 HIND (PDB: 5YZW)
were used as reference models for restraints during the re-
finement cycles in PHENIX; however, the linkers between
the HINa and HINb domains were manually rebuilt and
refined according to the electron densities. Some atoms of
the side chain of the linkers were removed during refinement
due to the missing electron densities. The refinement results
and model statistics are listed in Table 2.

Size exclusion chromatography assay

The apparent molecular masses of p204 HINab, HINa,
HINb and mutant proteins were estimated using a 24 ml
ENrich SEC 650 column (10/300 GL, Bio-Rad). Briefly,
protein samples or molecular mass standards were applied
to a 24 ml column at a flow rate of 0.6 ml/min and eluted
with PBS. The standard proteins (Sigma-Aldrich, USA)
used in this assay were B-amylase (200.0 kDa), albumin
(66.0 kDa), and carbonic anhydrase (29.0 kDa).

Fluorescence polarization assay

5'-Fluorescein (FAM)- labeled (IDT, Coralville, IA, USA)
ssDNA was dissolved in PBS and annealed with its reverse
complement ssDNA by heating to 95°C and slowly cooling
to room temperature. Fluorescence polarization (FP) as-
says were performed at room temperature. The wavelengths
of fluorescence excitation and emission were 485 and 528
nm, respectively. Each well of a 384-well plate contained 20
nM fluorescent-labeled (5'-FAM) DNA probe and different
concentrations of p204 HIN domain or mutant proteins (0,

3, 8, 16, 31, 48, 80, 120, 170, 230 and 300 pM) with a fi-
nal volume of 80 wl in PBS. Three independent replicates
were used. The binding curves were fitted according to a
one-site binding model using GraphPad Prism version 5.0
(GraphPad Software, San Diego, CA, USA). The ssDNA
sequences used in the FP assay are listed in Supplementary
Table S3.

Small angle X-ray scattering

Structural envelope of p204 HINab in solution was deter-
mined via small angle X-ray scattering (SAXS) data analy-
sis. SAXS data were collected at beamline X9 of the Na-
tional Synchrotron Light Source at the Brookhaven Na-
tional Laboratory. SAXS was performed at different protein
concentrations (1.00-3.80 mg/ml), and it was performed
only once at a particular concentration. Purified p204
HINab samples with a concentration of 3.8 mg/ml were
collected during 30 s exposures. Two-dimensional diffrac-
tion images were reduced to one dimension, and buffer scat-
tering was subtracted. Supplementary Figure S2A displays
the log of scattering intensities versus ¢ and the Guinier
plot. Data analysis of the radius of gyration (R,) and
Pr (pair-wise distance distribution function) calculations
were performed using PRIMUS (50), and dummy residue
models were produced using DAMMIN/DAMMIF (51,52)
(Supplementary Figure S2B). Moreover, SAXS envelopes
(Supplementary Figure S3C) were produced by pdb2vol
of SITUS (http://situs.biomachina.org) and rendered by
Chimera (53). Determined R, and derived Pr from the
SAXS experimental data are compared with those cal-
culated by CRYSOL (54) from the crystal structure of
HINab (Supplementary Table S1). Furthermore, SAXS
data and models have been deposited in the SASBDB
database (https://www.sasbdb.org/) under the accession
number SASDK92. Data collection and scattering-derived
parameters are listed in Supplementary Table S1.

RESULTS
The DNA-binding properties of p204 HIN domain

Previous studies have reported that the HIN domain of PY-
HIN family proteins can bind to DNA. To investigate the
DNA-binding properties of the p204 HIN domain, we pu-
rified p204 HINab, HINa, and HIND to high purity (Sup-
plementary Figure S1A). These proteins are all monomers
in solution, as confirmed by size exclusion chromatogra-
phy (Supplementary Figure S1B). The SAXS results indi-
cate that p204 HINab also acts as a monomer in the absence
of dsDNA (Supplementary Figure S2A-C and Table S1).
The fluorescence polarization (FP) assay was performed to
detect the binding affinities of p204 HINab on dsDNA with
different lengths (Supplementary Table S2). As illustrated
in Figure 1A, p204 HINab displayed binding affinity for
16 mer, 20 mer, and 30 mer dsDNA. The binding affinity
of p204 HINab on 16 mer dsDNA is too low to be deter-
mined. The Ky value for the binding of p204 HINab to 20
mer dsDNA was determined to be 155.70 + 37.51 wM and
the binding affinity was increased to 13.46 4+ 2.39 uM when
binding to 30 mer dsDNA. Furthermore, we detected the
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HINa HIND HINab:16 mer dsDNA
Data set TI113-7 TJ72-4 JT4-12
Data collection
Spacegroup C222 P3;21 P6522
Unit cell (a, b, ¢) (A) 57.93,104.21, 90.42 99.72,99.72, 107.05 101.39, 101.39, 783.61
(a,8,7) () 90, 90, 90 90, 90, 120 90, 90, 120
Resolution (A) 50-1.58 (1.68-1.58) 50-2.00 (2.12-2.00) 50-4.50 (4.67-4.50)

No of reflections (total/unique)

287 766/37 551

447016/41 767

195 843/15 339

Redundancy 7.66 (7.00) 10.70 (10.85) 12.80 (13.40)
Completeness (%) 99.3(97.7) 99.6 (99.4) 91.78 (82.36)
I/o(I) 20.45(2.93) 18.35(2.31) 11.80 (0.85)
Rmeas (%)* 5.8 (71.0) 7.4 (136.6) 9.9 (320.1)
CC1/2 (%) 99.9 (89.9) 99.9 (84.1) 99.9 (52.8)
Refinement

Resolution (A) 44.18-1.58 33.6-2.00 47.26-4.50
No. of protein atoms 1544 3096 9312
No. of DNA atoms 0 0 1312
No. of solvent 194 134 0

No. of hetero-atoms 16 0 0
Wilson B-factor (Az) 22.5 44.1 112.1
Average B-factor (Az) (protein) 30.97 65.44 162.29
Average B-factor (DNA) (A?) 0 0 207.40
RMSD bond lengths (A) 0.006 0.005 0.004
RMSD bond angles (°) 0.843 0.844 0.708
Ryork (%o)° 18.36 20.45 25.97
Riree (Y0)¢ 21.05 25.44 29.71
Ramachandran plot favored/disallowed (%)3 99.5/0 96.4/0 98.22/1.78
PDB code S5YZP SYZW 527D

Values in the parentheses correspond to the last resolution shell.

A Rineas = Sn(n/n— DY2SlL(h) — <I(h)>1/ £, %1;(h), where I;(h) and <I(h)> are the ith and mean measurement of the intensity of reflection /.
b Ruork = Sl Fops(h)l — [Feaie(W)ll/ Spl Fops(h)l, where Fopg(h) and Feuie(h) are the observed and calculated structure factors, respectively. No 7/o cutoff was

applied.

° Riree 18 the R-value obtained for a test set of reflections consisting of a randomly selected 5% subset of the data set excluded from refinement.

dValues from Molprobity server (http://molprobity.biochem.duke.edu/).

DNA-binding affinity of p204 HINa and HIND for bind-
ing to 30 mer dsDNA. As illustrated in Figure 1B, the Kd
value for the binding of p204 HINa and HIND to 30 mer ds-
DNA was 193.40 4+ 77.05 and 157.00 4 37.24 pM, respec-
tively. These results indicated that the DNA-binding affini-
ties of HINa and HINDb were similar when considering the
errors in the measurements; however, for human IF116, Un-
terholzner et al. reported that the DNA-binding affinity of
IFI16 HIND is higher than that of HINa (16). Furthermore,
the DNA-binding affinity of p204 HINab is higher than that
of HINa or HIND, suggesting that p204 HINa and HINb
synergistically bind to dsDNA, which is consistent with the
DNA-binding affinity of IFI16 HINab (16,29).

Structures of p204 HINa and HINDb domain

The p204 protein has a tripartite structure comprising three
well-defined domains, the PYD domain, and two HIN do-
mains (HINa and HINb domain) (Figure 2A). We deter-
mined the crystal structures of the p204 HINa domain at
1.58 A resolution and HINb domain at 2.0 A resolution.
The diffraction data collection and refinement statistics are
presented in Table 2. Moreover, p204 HINa crystallized in
the C222; space group with one molecule in the asymmetric
unit (Figure 2B) and HIND crystallized in the P3;21 space
group with two molecules in the asymmetric unit (Supple-
mentary Figure S3A). Two HINb molecules adopt a simi-
lar conformation with an RMSD of 0.6 A (align 188 Ca)

(Supplementary Figure S3B and Table S3). Furthermore,
the structural alignment of p204 HINa and HIND results in
RMSDs of 1.24 A (HINbD chain A, align 180 Ca) and 1.25
A (HIND chain B, align 183 Ca) (Supplementary Figure
S3B and Table S3). The overall topologies of both HIN do-
mains are highly similar, containing two classical OB folds
(OB1 and OB2) joined by a linker containing two a-helices.
Each OB fold comprises a B-barrel formed by five twisted
B strands (B1-R5).

The known HIN domains of the PYHIN family proteins
present a highly similar topology. Structural superposition
revealed that the HIN domains of p204 were similar to
those of other HIN domains, including murine p202 HINa
(PDB: 4JBJ) (30) and HINb (PDB: 4L5T) (35) as well as hu-
man IFI16 HINa (PDB: 20Q0) and HIND (PDB: 3B6Y),
with RMSDs in the range of 0.99 (align 183 Ca) to 1.72
(align 166 Ca) A (Supplementary Table S3). Slight differ-
ences were found in L12 (loop between IB1" and IB2 or
loop between IIB1 and TIR2) and L45 (loop between 134
and IB5 or loop between 114 and 1IR5) in both OB folds
(Figure 2C), with slightly different surface charges (Sup-
plementary Figure S3C), indicating the presence of distinct
DNA-binding surfaces. The surface charge slightly differed
between p204 HINa and HIND. The region where DNA is
bound by other HIN domain proteins acts as the linker be-
tween OB1 and OB2, or between L12 and L45 on OB folds.
The positive potential of p204 HINa was mainly concen-
trated on the OB linker, L45 of OB1, L12 and L45 of OB2.
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Figure 1. The DNA-binding properties of p204 HIN domain. (A) Fluorescence polarization (FP) assay of p204 HINab binding to FAM-labeled 16 mer,
20 mer and 30 mer dsDNA. The apparent Ky values (K4?) are shown for each dsDNAs. ND means not determined. (B) FP assay of p204 HIN domain
binding to FAM-labeled 30 mer dsDNA. The apparent Ky values (K4*) are shown for p204 HINab, HINa and HINb domain.

The positive potential of HINbD is mainly concentrated on
the OB linker, L12, of the two OB folds.

Complex structure of p204 HINab:dsDNA

To obtain p204 HINab:dsDNA complex crystals, numer-
ous DNA ligands with varying lengths, sequences, and ends
were tested. We obtained single crystals of p204 HINab
complexed with 16 mer blunt-ended dsDNA with a se-
quence of 5-ccatcagaaagagagc-3’ (Supplementary Figure
S4A). Despite their large sizes, most of the crystals are
poorly diffracted X-rays. After screening hundreds of crys-
tals, a 4.50 A dataset was obtained in the P6522 space group.
The structure was determined by molecular replacement
(MR) using the p204 HINa and HIND structures reported
here. The Fo-Fc map clearly indicated the presence of ds-
DNA in the crystal (Supplementary Figure S4B). In the sec-
ond round of MR, two pieces of 16 mer dsDNA were placed
into the density. The electron density of the dsDNA in the
crystal was continuous. After initial refinement, the density
of the linker region between p204 HINa and HIND became
clear and was successfully built manually. The final struc-

tural refinement adopted NCS and secondary structure re-
straints for the individual coordinates and group B-factor
refinements in PHENIX (46,48,49). The final model was
validated using Molprobity (Table 2).

The final model had three copies of p204 HINab and
two copies of 16 mer dsDNA. The orientation of the three
HINab molecules formed a C-ring shaped structure for
binding the dsDNA ligand (Figure 3A and Supplemen-
tary Figure S4C). Two copies of dsSDNA were slightly bent
in the asymmetric unit, and three p204 HINab molecules
bind to the major groove of dsDNA in a similar mode. Af-
ter superposition of the structures of HINa:dsDNA and
HINb:dsDNA in the p204 HINab:dsDNA complex, all
HINa molecules bind to dsDNA via the o2 helix and the
C-terminal loop of OB2, whereas all HINb molecules bind
to dsDNA via the 2 helix and the N-terminal loop of OB1
(Figure 3B). The conformation of three dsSDNA molecules
bound to HIND revealed a large shift. No obvious confor-
mational changes in HINa and HINb domains were ob-
served with or without bound dsDNA (Figure 3C). The
long flexible linker between HINa and HINb may impact
the large shift of dsDNA bound HIND.
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Figure 2. Structures of p204 HINa and HINb domains. (A) Domain organization of p204 protein. p204 has an N-terminal PYD domain, a ~120 residues
linker region, followed by a consecutive HINa and HINb domains. The residue numbers at the predicted domain boundaries were labeled. (B) Crystal
structure of p204 HINa domain. HINa is shown in violet with the secondary structures labeled. (C) Structural superposition of HIN domains of p204,
IFI16 and p202. Structures of p204 HINa and HIND are shown in violet and lime. Structures of IFI16 HINa (PDB: 20Q0) and HINb (PDB: 3B6Y) are
shown in yellow orange and light blue. Structures of p202 HINa (PDB: 4JBJ) and HINDb (PDB: 4L5T) are shown in salmon and cyan. Loops L12 and L45
in OB1 and OB2 folds are labeled.
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Figure 3. Crystal structure of p204 HINab:dsDNA complex. (A) Overall structure of p204 HINab:dsDNA complex. There are three p204 HINab molecules
binding to two copies of dSSDNA. Molecule A is shown in orange (HINa) and slate (HINb). Molecule B is shown in pink (HINa) and cyan (HINb). Molecule
C is shown in yellow orange (HINa) and light blue (HINb). Two copies of dSDNA are shown in gray. (B) Similar DNA-binding mode of p204 HINa and
HIND. Structures of HINa:dsDNA and HINb:dsDNA in p204 HINab:dsDNA complex were aligned, the position of dsDNA are conserved with slight
bending. The DNA-binding surface formed by a2, C-termini of HINa, and N-termini of HINDb, were showed in the relevant position. dSSDNAs are shown
in the same colour as the bound HINa or HINb. (C) Structural superposition of p204 HINa (violent), HIND (lime) and HINab:dsDNA.

The HINa dimerization interface of p204 HINa dimer is ~850 A2. In order to explore the influence
Interestingly, a similar HINa dimerization interface was ob-  ©f HINa dimerization interface for recognizing DNA, we

served in both p204 HINa and HINab:dsDNA structures ~ constructed mutant HINab-ml and HINa-ml to disrupt

. . : he dimerization interface of HINa (Supplementary Fig-
(Figure 4A and B). The butterfly-shaped dimer is formed t
by two p204 HINa molecules with 180° rotational symme-  Ur€ S3A, B and Table S4). HINab-m1 and HINa-m1 were

try. This interface comprises primarily of the a2—a3 helices ~ Purified with high purity, and both were monomers in the
and I3, the N-terminus of B1, and the linker between 1132 Solution (Supplementary Figure S6A-D). As illustrated in
and IIB3. The surface accessible surface area of the p204 Figure 4C, the DNA-binding affinity of HINab-ml and
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Figure4. The dimeric interface of p204 HINa domain. (A) HINa dimer in p204 HINa crystal. Two HINa molecules are related by a 2-fold rotational asym-
metry and coloured differently. The secondary structure components involved in the dimeric interface were labeled. (B) HINa dimer in p204 HINab:dsDNA
complex crystal. (C) FP assay of the dimeric interface of p204 HINab and HINa binding to 30 mer dSDNA. The apparent Kd values (Kd?) are shown for
p204 HINab, HINa and mutants. (D) Structural comparison of HINa dimer from p204 HINab:DNA and IFI16 HINa:DNA complexes. HINa dimer from
IFI16 HINa: DNA complex is shown in yellow orange. HINa dimer from p204 HINab:DNA is shown in orange and pink. (E) Structural comparison of
HINa dimer from p204 HINa and HINab:dsDNA complex. HINa dimer from p204 HINa structure is shown in violet and slate. HINa dimer from p204

HINab:dsDNA complex is shown in orange and pink.

HINa-ml slightly decreased compared with that of wild-
type HINab and HINa, indicating the HINa dimerization
interface attributes to, but does not dominate DNA bind-
ing. Presumably, the dimerization interface was not com-
pletely abrogated, and there may be other residues involved
in the dimeric interfaces. Moreover, a similar HINa dimer
interface was observed in the previously reported IFI16
HINa:ssDNA complex structure (36). Structural superpo-
sition of p204 HINa dimer and IF116 HINa dimer in the
DNA-binding mode revealed that the conformation of the
p204 HINa dimer was more compact (Figure 4D). Compar-
ing the structures of p204 HINa dimer in the presence and
absence of dSDNA, the HINa dimer was shifted after bind-
ing to dsDNA, which was closer to dsDNA (Figure 4E),

suggesting that the p204 HINa dimer may change its con-
formation upon binding to dsDNA.

The dsDNA-binding mode of p204 HINab

The DNA-binding modes of p204 HINa and HINb were
highly similar in the PYHIN family. The OB1-OB2 linker
containing a2—a3 helices faces DNA, which has been re-
ported in previous structures including both human and
murine AIM2 HIN domains, and the IFI16 HINb domain
(29). To investigate the DNA-binding affinity of HINa and
HINb on the p204 HINab domain, we introduced four
mutants, including HINab-m2 (mutation on HINa DNA-
binding interface), HINab-m3 (mutation on HINb DNA-



Nucleic Acids Research, 2021, Vol. 49, No. 5 2967

A a
Kd™ (uM)
E 200- -©- p204 HINab 13.46+2.39
= -9~ p204 HINab-m2 59.90+8.22
o 4
& 160 -~ p204 HINab-m3 29.86:+8.38
m -4 p204 HINa  193.40+77.05
_8_ -2 p204 HINa-m2 ND
o 80y
o
c
3
o 404
s
3 0 T T T T T
(8 0 50 100 150 200 250 300
p204 concentration (pM)
B c IF116 HINaPNA

p204 HINa
p204 HINDb

mAIM2 HIN

p204 HINabPNA

Figure 5. The DNA-binding mode of HIN domains in PYHIN family. (A) FP assays of the DNA-binding interface of p204 HINab and HINa binding
to 30 mer dsDNA. The apparent K4 values (Kg?) are shown for p204 HINab, HINa and mutants. ND means not determined. (B) Structural comparison
of HIN domains in complex with DNA. Structures of p204 HINa:DNA (orange) and HINb: DNA (slate) are from HINab:dsDNA complex. Structures
of p202 HINa (PDB: 4L5R), human AIM2 HIN (PDB: 3RN2), murine AIM2 HIN (PDB: 4JBM), IF116 HINa (PDB: 4QGU) and IFI16 HINb (PDB:
3RNU) are shown in salmon, pink, cyan, yellow orange and light blue, respectively. (C) Positive surface electrostatics of p204 HINa facing the DNA from
the complexc of IFI16 HINa:DNA. It was set to 20% transparency. The loop between a3 and 1131, and L45 of OB2 on p204 HINa are labeled.

binding interface), HINab-m4 (mutation on HINa dimer-
ization and HINb DNA-binding interface), and HINab-m5
(mutation on both HINa and HINb DNA-binding inter-
face) (Supplementary Figure S5C and Table S4). HINab-
m3 with low purity could be obtained due to degrada-
tion (Supplementary Figure S6A); however, HINab-m4 and
HINab-m5 could not be obtained due to severe degrada-
tion and precipitation (Supplementary Figure S6A). All
HINab mutants were monomers in solution (Supplemen-
tary Figure S6C). The DNA-binding affinities of wild-type
and mutant p204 HIINab (HINab-m2 and m3) were mea-
sured by the FP assay. As illustrated in Figure 5A, the mu-
tants HINab-m2 and m3 had lower affinities for 30 mer ds-
DNA. Furthermore, mutant HINa-m2 (mutation on HINa
DNA-binding interface) with high purity was introduced to
detect the DNA-binding ability of the p204 HINa domain
(Supplementary Figure S6B). HINa-m2 is a monomer in
solution (Supplementary Figure S6D). Figure 5A illustrates
that HINa-m2 possesses a diminished DNA-binding affin-
ity comparable to that of wild-type HINa. These results in-

dicated that both HINa and HIND play vital roles in p204
sensing DNA.

When structures of HINa:dsDNA and HINb:dsDNA
from p204 HINab:dsDNA complex are superposed, the rel-
ative position of dsDNA is in a similar position, although
DNA undergoes slight bending (Figure 3B). Structural su-
perposition of HIN:DNA complexes revealed that p204
HINa and HINDb, human and murine AIM2 HIN (PDB:
3RN2 and 4JBM) and IFI16 HINb (PDB: 3RNU) have a
similar DNA-binding mode (Figure 5B). They bind DNA
via the OB1-OB2 linker containing a2—a3 helices. The cor-
responding DNA-binding surface of IFI16 HINa on p204
HINa also presents positive potential, indicating that p204
HINa is likely to bind DNA by the surface formed by
the loop between a3 and IIR1, and L45 of OB2 (Figure
5C). Sequence alignment of HIN domains indicated that
the known DNA-binding residues were highly conserved
(Figure 6). The DNA-binding residues of p202 HINa and
IFI16 HINa were mainly located on L12 and L45 of OB2.
The residues of human and murine AIM2 HIN and IFI16
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Figure 6. Sequence alignment of HIN domains. These HIN domains are from representative human and murine PYHIN family proteins. The secondary
structure components were labeled on the top of the alignment. Highly conserved residues are highlighted in yellow. Positively charged residues in L12 and
L45 are coloured in red. The residues involved in binding DNA are in black boxes. The red dotted boxes show the residues speculated to be involved in

DNA-binding in p204 HINa and HINb domains.

HINb were mainly located on a2—a3 helices, II34 and 1135,
whereas some conserved residues are also found in p204
HINa and HINb domains.

HIN domain linkers between HINa and HINb are dynami-
cally flexible

Fitting of the crystal structures into the SAXS envelope
(Figure 7A) indicates that the linker (14 residues, 413-426)
between HINa and HINb domains differs from that in
the p204 HINab:dsDNA complex (Figure 7B). By super-
imposing on the HINa domain, the HINb domain swings
up >90° toward the dsDNA (Figure 7C). Conformation
changes of the linker between HINa and HIND indicate
that the linker is flexible. Both HINa and HINb domains
are bound to dsDNA through electrostatic charge surfaces

in the solution; thus, the linker is forced to change its
conformation upon DNA binding. Moreover, three copies
of p204 HINab in complex with two dsDNA molecules
revealed different linker conformations (hinge angles), as
illustrated in Supplementary Figure S7A. Yin et al. ob-
served that p202 HINab formed a tetramer but displayed
the ‘heterogenous’ conformations, that is, the linkers (11
residues, 243-253) between HIN1 and HIN2 present differ-
ent conformations in negative stain (electron microscopy)
images (35). The linker in p204 HINab (14 residues) (Sup-
plementary Figure S7A) is longer than that of p202 HINab
(11 residues) (Supplementary Figure S7B), whereas the ds-
DNA in IFI116 HIN domains is wrapped by a long ‘linker’
mixed with loops and helices (residues 394-514), as il-
lustrated in Supplementary Figure S7C (Supplementary
Table S9).
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Figure 7. The dynamic flexible linker between HINa and HIND of p204.
(A) HIN domain linker of p204 in the solution by SAXS analysis. (B) HIN
domain linker in the crystal structure of p204 HINab:dsDNA complex.
(C) Conformational changes of HIN domain linker in p204 with and with-
out dsDNA. The superposition of SAXS model (dssDNA-free) and crystal
structure (dAsDNA-bound) of p204 shows HINb domain swing 90° toward
binding to dsDNA (for clarifing view, one of the two dsDNAs is omitted
from the figures).

DISCUSSION

PYHIN family receptors belong to an important type
of cytosolic DNA sensor that recognizes self as well
as pathogenic double-stranded (ds) and several single-
stranded (ss) DNAs, although their downstream signaling
is diverse. Therefore, understanding the molecular mecha-
nism of DNA ligand recognition and assembly of large pro-
tein:nucleic acid is a crucial step. Several single HIN do-
mains and ds/ss DNA complex structures are available. The
complex structures of human AIM2 HIN:dsDNA (PDB:
3RN2), murine AIM2 HIN:dsDNA (PDB: 4JBM) and
IF116 HINb:DNA (PDB: 3RNU) present a similar DNA-
binding mode; however, p202 HINa and IF116 HINa bind
DNA in two different modes. In the present study, the
DNA-binding modes of p204 HINa and HINb were highly
similar. Furthermore, this binding mode is shared by HIN
domains from human and murine AIM2 (PDB: 3RN2 and
4JBM) and IFI16 HINb domain (PDB: 3RNU). In this
binding mode, the HIN domain binds to DNA mainly via a
linker connecting two OB folds, whereas p202 HINa binds
to DNA mainly via loops of OBl and OB2 folds. Addi-
tionally, IFT16 HINa binds to DNA through 1134 and the
loop between 1IB4 and IIRS'. The most significant struc-
tural differences among HIN domains are the charge dis-
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tributions on their surfaces, resulting in a slightly different
DNA-binding mode. We revealed that p204 HINab presents
the canonical dsDNA-binding mode of the PYHIN family
HIN domains, which is not related to its downstream sig-
naling pathways; however, the diverse biological activities
of PYHIN family members are determined by the PYD sig-
naling domain.

Structural superposition of HIN:DNA complexes re-
vealed that the conformations of IFI16 HINa and p202
HINa are more similar to p204 HINa than to p204
HIND. After observing the DNA-binding mode in the p204
HINab:dsDNA complex structure, we found that p204
HINa may have a second DNA-binding interface that is
similar to the DNA-binding surface of IFI16 HINa. The
second DNA-binding surface of p204 HINa is mainly
formed by L12 and L45 of OB2 fold, whereas the DNA-
binding surface of IF116 HINa is formed by 1184 and L45 of
OB2 (36). Moreover, IFI16 HINa has a third DNA-binding
surface formed by a1, the linker between a1 and IB4, and
L45 of OBI1. The second DNA-binding surfaces of other
HIN domains were also observed in multiple asymmetry
units (Supplementary Figure S8). Human AIM2 has a sec-
ond DNA-binding interface formed by the loop between
IB1/IB1’" and 14, as well as has a third DNA-binding sur-
face formed by L12 of OB2. The second DNA interface of
p202 HINa is formed by the linker between 133, 184, and
3. The second DNA-binding surface was not observed in
the structures of murine AIM2 HIN:DNA (PDB: 4JBM)
and IF116 HINb:DNA complex (PDB: 3RNU). Further-
more, various DNA-binding interfaces provide a structural
basis for explaining the formation of wide DNA filaments.
For example, the width of full-length IF116:dsDNA com-
plexes was consistently between 20 and 25 nm (~200-250
A), as observed by the negatively stained electron micro-
scope (37); however, the width of IFI16 HINb binding to
one dsDNA molecule was ~80 A. The width of more IF116
HINb:DNA complex in multiple asymmetry units is ap-
proximately 22 nm, which is consistent with the width of
20-25 nm. Additionally, IFI16 HINa binds to other DNA
molecules via a different DNA-binding surface to stabilize
the filaments. Furthermore, the presence of the PYD do-
main may limit further expansion of [FI16:dsDNA com-
plex filaments.

In this study, we determined the complex structure of
p204 HINab:dsDNA, which revealed that three HINab
molecules form a C-ring shaped structure for binding ds-
DNA. In the absence of dsSDNA, p204 HINab is a monomer
in solution, as confirmed via size exclusion chromatography
and SAXS assay. Moreover, p204 HINa and HIND syner-
gistically bind to dsDNA, and the DNA-binding affinity of
HINab is higher than that of HINa and HINb. Although
p204 HINa is a monomer in solution, it presents a dimer
in the crystal structure of the HINa and HINab:dsDNA
complex. The dimerization interface of HINa is involved in
binding dsDNA confirmed by FP assay. Furthermore, p204
is the homolog of IFI16 and the identity of its full-length
sequence is 36.95%; thus, it may have highly similar topo-
logical structure. The full length of IFI16 has an extended
conformation, indicating that the full length of p204 also
presents an extended structure before recognizing dsDNA.
Acting as the homotypic protein—protein interaction do-
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Figure 8. A working model of IF116/p204 recognizing dsDNA to active downstream signaling pathway. In the absence of DNA, IF116/p204 presents an
extended conformation in the cytoplasm. Once recognizing dsSDNA from invading virus, IF116/p204 HINab domain synergistically binds to dSDNA. More
HINab molecules bind to the long dsSDNA and form a C-ring shaped structure around dsDNA. The binding of dsDNA stabilizes the dimerization of HINa
domain, resulting in the adjacent N-terminal PYD domain are closer and aggregate to activate STING. Activated STING leads to the phosphorylation of
TBKI1 and IRF3 and induces the production of IFNB and other proinflammatory cytokines to defend against the virus infection.

main, the N-terminal PYD domain of p204 interacts with
other PYD domains and drives filament assembly in a mode
similar to that of IFT16 after binding to DNA (37). Because
the linker between HINa and HIND is longer in IF116 than
that in p204, perhaps the conformation of IF116 HINab is
more elongated than that of p204 HINab in the solution.
Morrone et al. reported that more than 15 mer dsDNA is
required for binding IFI16 by the FP assay (37). In accor-
dance with our results, presumably the minimum length of
dsDNA to bind HINab is approximately 16 mer and the
minimum length to induce p204 HINab dimerization is at
least 20 mer (observed from the HINab:dsDNA complex).
Based on our results and previous reports, we propose a
working model of p204 and IFI16 that recognizes dsDNA
to activate downstream signaling pathways (Figure §). In
the resting state, the tripartite protein IF116/p204 presented
an extended conformation in the cytoplasm. Once recogniz-
ing dsDNA from invading virus, IF116/p204 binds to ds-

DNA by its C-terminal HINab domain, in which HINa and
HIND synergistically bind to dsSDNA. Subsequently, more
HINab molecules were arranged to form a C-ring shaped
structure to bind long dsDNA. Simultaneously, the binding
of dsDNA stabilizes the dimerization of the HINa domain,
resulting in the close proximity of the adjacent N-terminal
PYD domain, which aggregates to activate STING. Acti-
vated STING leads to the phosphorylation of TBK1 and
IRF3 and induces the production of IFNB and other proin-
flammatory cytokines to defend against the virus.

In summary, our studies on p204 provide the first crystal
structure of the HINab domain in complex with dsDNA,
revealing a similar nature of dsDNA recognition by HIN
domains. This structure further revealed that dSDNA bind-
ing to the HINab domain induced slight conformational
changes in the hinge between HINa and HINb. Most in-
terestingly, a uniform HINa dimerization mode was iden-
tified. The structure of the p204 HINab:dsDNA complex,



together with p204 HINa and HIND structures, completes
the molecular description of p204 involved in recognizing
dsDNA. These results markedly advance our understand-
ing of the mechanism by which IF116/p204 receptors sense
dsDNA by their tandem HIN domain.
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